The paper compares two methods of evaluation of synthetic jet characteristic velocity. The first method of the characteristic velocity estimation is based on a simple measurement of the synthetic jet momentum flux (the jet thrust) by means of precision scales. The second method is a standard one, it is based on spatial-temporal integration of the velocity profile at the synthetic jet actuator nozzle exit. The velocity profile was obtained here using hotwire measurements in air. Comparison of the methods is based on dimensionless stroke length of the synthetic jet. It is confirmed that the results of both methods are nearly the same for higher dimensionless stroke length. On the other hand, if the jet regime approaches to the synthetic jet criterion threshold (i.e. to the dimensionless stroke length of 0.5) the results of both methods diverge. Using the current results a correction is suggested for the momentum-flux-based method to match the standard one.
Introduction
Synthetic jets (SJs) are fluid flows that are formed downstream of a nozzle in which a pulsed flow is driven; see [1] , [2] . The pulsed flow excitation is usually provided by an oscillating piston or elastic diaphragm, which closes one side of a cavity that is connected with the ambiance by the nozzle. Such a device producing SJs is usually called a synthetic jet actuator (SJA). Downstream flow continuation and formation of flow structures similar to those in continuous jet [3] are typical features of SJs. Many potential applications of SJs have been proposed since the end of the 20th century. The promising applications of SJs have been found especially in boundary-layer separation control [4] , jet vectoring [5] , heat transfer enhancement [6] , [7] , and mixing [8] , [9] . A variant of the SJ, namely, a hybrid SJ, has been investigated more recently [10] , [11] . Quantification of the synthetic jets using their dimensionless parameters is very important for their parametric studies within their particular applications. One of the most important dimensionless parameters is the Reynolds number. The synthetic jet Reynolds number is based on the characteristic time-mean velocity, nozzle exit diameter, and the kinematic viscosity. Estimation of the characteristic velocity of the synthetic jet is the main topic of the current study. Namely, a simple method of evaluation of the characteristic velocity based on the synthetic jet thrust (momentum flux) measurement is introduced here. Utilization of such method is not a new idea, it was already shown experimentally by Broučková and Trávníček [12] that the momentum flux values evaluated using this simple method produced very similar result as standard methods based on direct measurement of outlet velocities at synthetic jet actuator nozzle exit. The present paper continues the idea introduced by [12] . An investigation, based on a larger set of experiments, finds the fact that both methods of characteristic velocity measurement are close to each other only at certain circumstances. The constraints of the identification of the characteristic velocity that is estimated using momentum flux direct measurements are defined here. Furthermore, possible corrections of characteristic velocities are suggested for cases that not meet the constraints.
Problem parameters

Synthetic jet dimensionless parameters and characteristic velocity
The harmonically driven synthetic jet is quantified by two dimensionless parameters that can be taken form the following group: the Reynolds number, Re, dimensionless stroke length, L0 * , and the Stokes number, S. The definitions of these parameters are as follows: (1) where U0 is the characteristic time-mean velocity of the synthetic jet, Dn is the nozzle diameter of the SJA, f is the driving frequency of actuator diaphragm harmonic excitation, and ν is the kinematic viscosity of the working fluid. The standard definition of the characteristic velocity necessary for evaluation of the Reynolds number, Re, and the dimensionless stroke length, L0 * , is as follows: (2) where T = 1/f is the excitation period, extrusion stroke duration time is denoted TE, and U is the fluid velocity at the nozzle exit cross-sectional area. The phase position of the velocity U with respect to the origin is such that the inner integral of Eq. (2) is positive in the integration interval (0,TE). The indicated cylindrical coordinate system x, r is introduced in Fig. 1a . The index 'q' denotes the fact that the velocity U0,q is evaluated from the time-mean volumetric flux and differentiates the velocity U0,q form its alternate definition introduced by Cater and Soria [2] :
Unlike the previous definition of the characteristic velocity, which was based on conservation of the outgoing volumetric flux, Eq. (3) defines the characteristic velocity using the time-mean momentum flux (see the next section and Eqs. (5,7) ).
Synthetic jet momentum flux
An important parameter to be observed and evaluated from the current experiments is the time-mean momentum flux, M0. The value of this integral quantity can be obtained using direct measurement of the jet thrust (for the measurement details and experimental arrangement, see section 3.2). Precision scales can be utilized for this purpose, and the momentum flux value is evaluated easily using the gravitational constant, G:
where m0 is the mass value measured using the precision scales, which corresponds to the force reaction produced by the vertically issuing jet. Moreover, the momentum flux can be obtained indirectly from the measurement of the velocity profile at the nozzle exit area. The momentum flux value is evaluated as follows (see e.g. [13] ): (5) where ρ is the working fluid density.
Connection between U0 and M0
If we accept the assumptions that (1) the velocity profile is always flat along the nozzle diameter, (2) the nozzle outlet velocity waveform is purely sinusoidal, and (3) the velocities of the outletting fluid are not affected by the fluid being sucked inside the actuator cavity; then the velocity U0,q can be approximated by the following velocity value, denoted U0,sc (see [12] , [14] ): (6) Similarly, the comparison of Eqs. (3) and (5) gives the following relation between U0,m and M0,hw:
The current study shows the way how to evaluate the standard characteristic velocity U0,q from the measurements of M0,sc (and U0,sc). The approach is divided into two steps. In the first step, it will be shown how to obtain M0,hw from the measured value of M0,sc -the evaluation is based on fitting of the current experimental data. The second step utilizes the Eq. (7) to obtain the value for U0,m; experimental relation between U0,m and U0,q is finally used for determination of U0,q. 
Experimental setup and measurement methods
The current results are based on measurements of harmonically driven SJA. The present experimental approach was introduced in the previous study [15] . However, the study [15] focused on a rather different topic, namely a SJ behavior under a non-harmonic excitation. To make the present paper a stand-alone writing, the experimental details are summarized here briefly without extended information on nonharmonic excitation. Figure 1a shows a schematic view of the tested SJA that was operated with air as the working fluid (for fluid properties see Table 1 ). The present actuator is based on Aurasound NS3-193-8A loudspeaker, whose harmonically driven diaphragm with an effective diameter denoted Dd produces the fluid oscillations in the cavity. The nozzle has a cylindrical shape and is sharp-edged at both flange surfaces. Its length, Ln, is always equal to its diameter, Ln = Dn (see Fig. 2a ). Nine nozzles having different diameters were tested in this study to obtain a large scale of the Stokes numbers. The particular nozzle diameters are: Ln = Dn= 4, 6, 8, 10, 12, 15, 20, 30, and 40 mm. During all experiments, the loudspeaker of the actuator was supplied by an electric current generated by an Agilent 33220A function generator and amplified in a homemade constant-gain-amplifier. The experimental investigation was performed at seven input power levels: Pe = 0.164, 0.243, 0.360, 0.535, 0.794, 1.179, and 1.750 W. For each combination of applied power level and nozzle diameter, the optimal driving frequency was firstly found with respect to a maximal momentum flux. This optimization of the driving frequency was performed in [15] . Particular driving frequency for each combination of the nozzle diameter and input power level is displayed in Fig. 2 .
The synthetic jet actuator
Data acquisition and measurement methods
To evaluate the momentum flux, two measurement methods were used in the current experiments. They are assigned as method A and B and their detailed description is below. Figure. 2: Used optimal driving frequencies found for particular combination of the used nozzle diameter and power input
Method A -direct measurement of the jet thrust
This method dwells in placing of the SJA on the Mettler Toledo PR8002 DR precision scales according to Fig. 1b (the jet axis was vertical). Before the actuator power input was turned on, the scales were reset. Afterwards, the chosen power input value was adjusted using a regulation loop driven from a PC. After the adjustment of the power input, the mass value was read on the scales display. The momentum flux was evaluated from the measured mass using Eq. (4).
To check the desirable power input into the actuator, the supplied electric current, i, and voltage, e, were acquired and sampled in NI-PCI 6023E data acquisition device; see Fig. 1b ,c (the sampling frequency was 128⋅f and the number of samples was 25600).
Method B -indirect measurement
The second method of stating the momentum flux (jet thrust) utilizes the knowledge of velocity profile at the nozzle exit area. For this purpose, the velocity profiles were measured using a hot-wire probe and anemometer. The experimental approach was the following: the desirable power level and frequency were tuned within the SJA, and then the 55P16 hot-wire probe was placed at the nozzle outlet of the running actuator (the approximate probe position was x = 0.3mm, see Fig. 1d ; for the coordinate system see Fig. 1a ). Afterwards, the probe was traversed along the nozzle diameter, and at 14 discrete points, the hotwire signal produced by MiniCTA 54T30 DANTEC anemometer in connection with the hot-wire probe was sampled in NI-PCI 6023E data acquisition device. The acquisition device setup was the same as with the previous method. Along with the velocity data, the electric current, i, voltage, e, and the temperature of the working fluid (air) were sampled. The temperature measurements based on fast-response Pt100 sensor (PT100-SMD0805) were used for the temperature correction of the hot-wire data (for details see [15] ), and the electrical inputs i and e were used to check and control the desirable power input into the actuator (see Fig. 1b, c) . 
Hot-wire probe calibration
Experimental results
Investigated experimental area
The combination of the given SJA nozzle diameters and applied power levels defines an investigated experimental area. The area is displayed in Fig. 3 in form of the Reynolds number -Stokes number dependency and spreads between the Stokes numbers 15.4 and 202 and the Reynolds numbers are from 1600 to 7100; the dimensionless stroke lengths, L0 * , are between 0.46 and 68. As indicated in Fig. 3 the majority of the experimental points are above the criterion of the SJ existence, i.e. the dimensionless stroke lengths are larger than 0.5 and the synthetic jet was present during the majority of experiments.
Comparison of M0,sc and M0,hw
The measurements based on the method A and B were performed with the set of nozzle diameters and power levels defined in section 3.1. The resultant measured momenta fluxes dependent on those variable parameters are shown in Fig. 4a, b . Namely, Fig. 4a presents the results, which were obtained using the method A (i.e. measurements with precision scales) and Fig. 4b shows momenta fluxes obtained by means on the method B (i.e. by integration of the velocity profile). Obviously, both results are similar in Figure. 3: The examined experimental area (in the orange color) defined by the experimental points (the green dots)
character. Local maxima of all curves well indicate the optimal Dn/Dd ratio, as was discussed in detail somewhere else [13] . Considering the differences between M0,hw and M0,sc it was found out that the ratio of both momentum fluxes produces one-curve dependency if plotted as function of L0,sc, where the denotation L * 0,sc with the additional index 'sc' means that the velocity U0,sc from Eq. (6) is used for evaluation of L0 * using Eq. (1). Figure 5 shows the dependency and it can be clearly seen that the ratio of M0,hw and M0,sc predominantly depends on the dimensionless stroke length, L * 0,sc. Therefore, using the data from Fig. 5 we can transform the momenta fluxes measured using the method A (M0,sc) into the the momenta fluxes measured using the method B (M0,hw). The particular relations for the transformation were obtained using curve fitting as follows: It follows from Fig. 5 and Eqs. (8, 9) that if the dimensionless stroke length L * 0,sc is in the interval 5 < L * 0,sc < 68 both momenta M0,hw and M0,sc have very similar values. Therefore, also the velocity U0,q can be approximated by the velocity U0,sc in this area as was done by Broučková and Trávníček [12] , who reported the agreement for both measurement methods A and B. Having results falling in the interval 0.5 < L * 0,sc < 5 it is recommended to use the correction based on Eq. (8) . The results in the whole examined interval (i.e. in 0.5 < L * 0,sc < 68) can be further improved, because only values for M0,hw and potentially U0,m (by means of Eq. (7)) follow from relations (8, 9) . The way of improvement is presented in Fig. 6 , which shows the ratios of the velocities U0,q and U0,m as function of the Stokes number. The dependency is close to linear function, therefore the curve fit was suggested as follows: (10) If the momentum flux M0,hw is available from the previous step i.e. from utilization of the Eqs. (8) or Eq. (9), and if the Eq. (7) is applied to get the velocity U0,m, then this velocity can be transformed into the velocity U0,q using Eq. (10). This approach essentially provides a method of obtaining the characteristic velocity U0,q from measurement of the jet thrust on the precision scales, M0,sc. For better understanding the approach is explained step by step in the following section.
General recommendations and limits
The suggested approach of estimation of the characteristic velocity using the momentum flux direct measurement cannot be generalized for all SJAs. First, it is necessary to limit this result only for axisymmetric SJAs with similar geometry as is used in the present paper. Especially, nozzle length should be approximately equal to the nozzle diameter. Secondly, there is a condition of harmonic excitation of the synthetic jet actuator. And last, the approach is valid only for configurations, which belong into the examined experimental area defined in Fig. 3 . To make the current approach even more simple, we condensed previous sections into the following steps, which provide guidelines for transition from the measured momentum flux M0,sc to the characteristic velocity U0,q:
• The value of M0,sc is obtained using the measurement method A • The value of U0,sc is evaluated using Eq. (6) • The value of L * 0,sc is evaluated using Eq. (1) with U0,sc inserted • The ratio M0,hw/M0,sc is evaluated using Eq. (8) or Eq. (9) (L * 0,sc range is checked) • The value of M0,hw is evaluated from the ratio M0,hw/M0,sc • The value of U0,m is evaluated using Eq. (7) with M0,hw inserted • The Stokes number, S, of the investigated case is evaluated using Eq. (1)
• Finally, the value of U0,q is evaluated using Eq. (10) (S range is checked).
Conclusion
The current paper discusses the possibility of estimation of the synthetic jet characteristic velocity using the jet momentum flux (jet thrust) direct measurement. The evaluation of the characteristic velocity based on the momentum flux was suggested in the literature previously. However, it is shown here that the previous approach is limited. This statement is supported by synthetic jet experiments, which were performed in a large area defined by Reynolds number -Stokes number dependency (the particular experimental scope is shown in Fig. 3) . By means of the present experimental evaluations the constraints of the jet thrust measurement are proposed. Particularly, it was found out that the dimensionless stroke length should be greater than 5 to obtain a reliable result for characteristic velocity using the previous method. Moreover, the present study introduces corrections for cases outside this limit in form of dependencies on the dimensionless stroke length and the Stokes number. The utilization of the current corrections and the final guidelines for transition form the measured momentum flux to the desirable characteristic velocity is summarized using a step-by-step approach in section 4.3.
